Hemodialysis (HD) treatment for patients with limited (or no) kidney function has been used for more than fifty years. Patients undergoing HD have a complex illness, resulting from: inadequate removal of organic waste[@b1], dialysis-induced oxidative stress[@b2] and membrane-induced inflammation[@b3]. Thus, technical improvements in HD have primarily focused on the development of biocompatible antioxidant dialyzer membranes[@b4][@b5], and the modification of dialysates[@b6][@b7]. Also, efforts have been done to increase the efficiency and safety of HD using convective therapies[@b8], ultrapure dialysate[@b9] and intelligent therapy control with advanced dialysis machines[@b10]. Current renal substitution therapy with HD or home-based peritoneal dialysis (PD) has been the only successful long-term *ex vivo* organ substitution therapy for sustaining life[@b11], while technical advances directed at improving clinical outcomes in both HD and PD have been limited. Compared to bulk water, the unusual property of liquid water confined inside carbon nanotubes has been widely investigated using molecular dynamics simulation[@b12][@b13]. However, the potential application of confined water is limited in its confinement environment and unavailable mass-production is its other disadvantage for wider application. The standard schedule for HD is three sessions per week (3 \~ 4 h per treatment) largely due to logistic and cost concerns[@b7], while alterations to these schedules remain controversial[@b7][@b14][@b15]. The steady improvement in procedure-focused, and process-related measures, has led to a noticeable improvement in patient survival[@b7][@b16]. However, to date, less effort has been directed towards the improvement of HD efficiency, i.e. to clear uremic toxins, due to the limitations of dialyzers and dialysates. In the literature[@b17][@b18], Ag NP-treated catheters have been prepared for use in HD to prevent bacterial adhesion and to act as antibacterial coatings. Xia *et al*.[@b19], established *in vitro* that elevated levels of parathyroid hormone can be reduced to normal levels within a typical dialysis session by using an immunosorptive packed bed in conjunction with HD. As reported[@b20], reducing the dialysate sodium level can lower blood pressure for older patients and women. Also, advances in dialysis membrane technology have refocused attention on water quality and its potential role in the bio-incompatibility of HD circuits and adverse patient outcomes[@b21].

Au NPs with well-defined localized surface plasmon resonance (LSPR) bands in the UV-near IR regions are often employed in studies focused on surface-enhanced Raman scattering (SERS)[@b22] and the photothermal ablation of tumors[@b23]. Also, supported Au NPs demonstrate catalytic activity for the oxidation of CO at, or below, room temperature[@b24]. Recently, light-induced vapor generation on water-immersed Au NPs was enabled when Au NPs were illuminated with solar energy, or resonant light of sufficient intensity[@b25][@b26]. In HD the clearance of uremic toxins, namely BUN (a metabolite from protein) and Crea (a breakdown product of creatine phosphate in muscle), is quantified to denote treatment efficiency. In this work, we report an innovative method for preparing AuNT water, resulting from reduced hydrogen bonding, by letting bulk deionized (DI) water flow through supported Au NPs under resonant illumination \[denoted Au NPs-treated (AuNT) water and for illumination under fluorescent lamps, while giving 'super\' AuNT (sAuNT) water, e.g. using illumination from green light-emitting diodes (LED)\]. Unprecedented HD efficacies found using AuNT water with weak hydrogen bonds high diffusion coefficients and anti-oxidative activities are reported for the first time.

Results and discussion
======================

Plasmon-induced water with reduced hydrogen bonding
---------------------------------------------------

As shown in [Fig. S1](#s1){ref-type="supplementary-material"}, the supported Au NPs exhibited a broad distinct surface plasmon absorption band, centered at 540 nm, that extends over the whole visible light region. This characteristic LSPR of Au NPs indicates that light-to-heat conversion for breaking the hydrogen bonds of bulk water can be achieved under illumination with full-wavelength visible light and further enhanced using 'wavelength optimized resonant light\' (for example, green LED light with the wavelength maxima centered at 530 nm as used in this work).

[Figure 1](#f1){ref-type="fig"} shows the assignments of five-Gaussian components of OH stretching Raman bands and the OH-stretching Raman spectra observed with various pure water samples. These Raman spectra were further de-convoluted into five Gaussian sub-bands based using established literature methods - see [Supplementary Methods (SM)](#s1){ref-type="supplementary-material"}. Although the exact band assignments are slightly different in the literature[@b27][@b28][@b29][@b30], the consistent idea is that the bands on the low and high frequency sides are related to strong and weak hydrogen-bonded OH features, respectively. In this work, the three components on the low frequency side are assigned to hydrogen-bonded water, while the remaining two high frequency side components are assigned to non-hydrogen-bonded water. The DNHBW is defined as the ratio of the areas of the non-hydrogen-bonded OH stretching bands to the total stretching band areas.

As shown in [Table S1](#s1){ref-type="supplementary-material"}, the DNHBW for DI, AuNT and sAuNT derived water are 21.29 (21.37% for stored DI water for 3 weeks), 25.07 and 26.78%, respectively. The low difference between the values for fresh and stored DI water suggests 21.29% is a reliable reference value for bulk water used in DNHBW. Encouragingly, the DNHBW can be significantly increased, from 21.29 to 25.07%, by using the fluorescent lamp-irradiated LSPR effect from the supported Au NPs. This is an increase of 18% for the DNHBW, which can be enhanced (to 26%) by using the green LED-irradiated LSPR effect. As shown in [Table S1](#s1){ref-type="supplementary-material"}, the DNHBW values for DI, AuNT and sAuNT water with 0.9 wt% NaCl, noted as saline solution (DI), saline solution (AuNT) and saline solution (sAuNT), are 23.98, 26.00 and 27.66%, respectively. Comparing pure water with saline solutions, it was found that the DNHBW is significantly increased by 13% for DI water, but only by 2.0 and 3.2% for saline solutions based on AuNT and sAuNT water, respectively. Nevertheless, the DNHBW of saline solution (AuNT and sAuNT) is still markedly higher than that of saline solution (DI). Water\'s almost tetrahedral structure, with two O-H bonds, is disrupted by the dissolution of NaCl[@b31][@b32]. Different water treatments confirm the LSPR effects with respect to the corresponding AuNT water having different DNHBWs, as shown in [Table S1](#s1){ref-type="supplementary-material"} and in the [Supplementary Discussion (SD)](#s1){ref-type="supplementary-material"}. The energy efficiency for preparing AuNT water under the illumination of green LED is ca. 19% (See SD). A mechanism for the formation of AuNT water and its persistence in liquid water and in saline solutions is shown in SD.

Plasmon-induced water with novel property
-----------------------------------------

The AuNT water\'s weak hydrogen-bonding is responsible for its novel diffusion properties, which are critical for HD efficiency. [Fig. 2](#f2){ref-type="fig"} shows cyclic voltammograms in different water-based saline solutions for K~3~Fe(CN)~6~ and hydroquinone (HQ), from which the diffusion coefficients of K~3~Fe(CN)~6~ and HQ in saline solution can be obtained (See SD). Encouragingly, the calculated diffusion coefficient of K~3~Fe(CN)~6~ increased from 2.76 (1.78 for HQ) to 3.59 (2.00 for HQ) × 10^−6^ cm s^−1^ when using AuNT water instead of conventional DI water. This is an increase of 30% (12% for HQ) for the diffusion coefficient. This increased to 67% (24% for HQ) using AuNT water prepared using green LED illumination (4.62 × 10^−6^ cm s^−1^; 2.20 × 10^−6^ cm s^−1^ for HQ).

The chemical activity of the sAuNT water, compared to DI water, was examined by the reduction of an Au-containing complex to Au NPs at room temperature, as shown in [Figs. S2 and S3](#s1){ref-type="supplementary-material"} (the corresponding discussion is given in the SD). The experimental results indicate that the Au NPs can be successfully prepared with sAuNT water as the reducing agent: this intriguing finding opens a new 'green pathway\' in chemical reduction. It is well-known that hydroxyl radicals can directly or indirectly damage DNA[@b33]. The chemical activity of sAuNT water as a reducing agent may offer a new strategy to scavenge free radicals. As shown in [Fig. S4](#s1){ref-type="supplementary-material"} and [SI](#s1){ref-type="supplementary-material"}, the Fenton reaction-produced hydroxyl radicals were reduced in the presence of AuNT water in saline solution, as compared to saline solution (DI). The corresponding ESR intensities were decreased by ca. 7.3 and 9.4% in saline solution (AuNT) and saline solution (sAuNT), respectively, compared to the value found from an experiment performed in saline solution (DI). To the best of our knowledge, this anti-oxidative activity by scavenging free radicals from AuNT or sAuNT derived water is the first report in the literature.

Plasmon-induced dialysate with high efficiency and safety
---------------------------------------------------------

Biological studies focused on anti-inflammatory effects are generally performed by evaluating inhibiting abilities using a LPS-activated monocytes/macrophages nitric oxide (NO) system[@b34][@b35]. [Fig. 3](#f3){ref-type="fig"} shows the inflammation-preventive effects of AuNT water and sAuNT water, compared to DI water, with respect to the reduction of lipopolysaccharide (LPS)-induced NO release (See SD). The elevated NO production levels were significantly decreased (p \< 0.05) in AuNT water (especially for sAuNT water prepared under LED illumination)-DMEM (Dulbecco\'s Modified Essential Medium) in the presence of LPS from 10 to 100 ng mL^−1^. Incubation with prepared AuNT water-DMEM gives rise to the suppression of NO release in LPS-activated macrophage cells.

Correspondingly, the proposed AuNT water, or sAuNT water, when compared to DI water, exhibits a high diffusion coefficient and anti-oxidative activities, due to the scavenging of hydroxyl radicals and an anti-inflammatory effect. The high diffusion coefficient of AuNT water was first seen with the fast diffusion of aqueous methylene blue (MB) through a dialysis membrane (See [Fig. S5](#s1){ref-type="supplementary-material"} and SD). Our experimental results indicated that the diffusion efficiency of MB in water can be significantly increased by using AuNT water, rather than DI water. This raised efficiency can be further enhanced by using sAuNT water.

[Figure 4 (a)](#f4){ref-type="fig"} shows the experimental setup used for simulated HD. The flow directions of the treated bloods and dialysates are opposite. Both the flow rates of blood and dialysate were kept at 20 mL min^−1^ by variable-speed tubing pump. The 250 mL sample of blood was stirred at 200 rpm in the whole experiment to homogenize the concentration of sample. The treatment time was recorded after the first droplet of dialysate appeared at dialysate output. As shown in [Figs. 4 (b) and (c)](#f4){ref-type="fig"}, the treatment times for the removal of 70% BUN (100 mg dL^−1^) in blood are ca. 30 and 16 min using saline solution (DI) and saline solution (sAuNT), respectively. The treatment times for the removal of 70% Crea (20 mg dL^−1^) in blood are ca. 29 and 12 min using saline solution (DI) and saline solution (sAuNT), respectively. These results suggest that the treatment times for the removal of 70% BUN and Crea can be reduced by 47 and 59%, respectively using AuNT water instead of DI water in dialysate of saline solution. The treatment times for removing BUN to a maximum normal level i.e. 20 mg dL^−1^ (1.5 mg dL^−1^ for Crea) in blood are ca. 43 (88 for Crea) and 26 (40 for Crea) min using saline solution (DI) and using saline solution (sAuNT), respectively. Another two HD experiments, based on two different blood samples, and one HD experiment using DI water also supported the innovative contribution of saline solution (sAuNT or AuNT) to more efficient HD (See [Figs. S6 \~ 8](#s1){ref-type="supplementary-material"} and SD). Moreover, additional benefits by using the experimental setup, as shown in [Fig. 4 (a)](#f4){ref-type="fig"}, are the efficiency of cholesterol (Chol) removal from blood (ca. 128 mg dL^−1^) which is enhanced by ca. 80%, using sAuNT water instead of DI water in a dialysate of saline solution, see [Fig. S9](#s1){ref-type="supplementary-material"}. Also, Mg ions, uric acid and phosphate in bloods were simultaneously monitored. Experimental results indicate that the corresponding removal efficiencies of these species are similar by using treated water-based and DI water-based saline solutions.

Moreover, the cytotoxicities of DI water-based and sAuNT water-based medium to CCD-966SK cells were derived by the MTT assay method. Experimental result indicates that the cell viability within 6 days under sAuNT water-based medium is similar to that under the DI water-based medium. It suggests that the sAuNT water is possessed of good biocompatibility and low toxicity to cell. Also, in safety tests, the *in vivo* experiments had been already performed on mice (n = 20) at the age of ca. 8 weeks for drinking DI water and sAuNT water individually. After experiments for three months, the weight and activity of mice drinking sAuNT water are comparable to those drinking DI water. This result suggests that the treated water is biocompatible even it exists in body for a long time.

We have innovatively utilized the LSPR of Au NPs to prepare AuNT water with weak hydrogen bonds, high diffusion coefficients and anti-oxidative activities. The close values of pH for DI water and treated water suggest that the treated water has less influence on the pH of prepared dialysate. The close values of osmolarities for DI water and treated water suggest that the treated water has less influence on the equilibrium of osmotic pressure when it enters the blood stream. The potential to offer more efficient and safer HD by using a plasmon-induced dialysate with AuNT water establishes a new vista in both HD and PD. We believe these innovative approaches will lead to a variety of applications, in medicine, biology and chemistry. Efficient removal of other large-molecular protein-bound uremic toxins based on AuNT water by using dialyzer with larger pore size is underway.

Methods
=======

HD experiments
--------------

In experiments, hollow fiber dialyzers with polymethylmethacrylate (PMMA) membranes (model: B3-1.0A, Toray Filtryzer, Japan) were employed. The blood with high concentrations of BUN (ca. 100 mg dL^−1^) and Crea (ca. 20 mg dL^−1^) flowed into the dialyzer from the top entrance and out from the bottom exit. The dialysate based on sAuNT water (or based on DI water) flowed into the dialyzer from the bottom entrance and out from the top exit. The flowing mode of these two streams is a countercurrent. Before the experiments, suitable quantities of BUN and Crea (estimation by deducting the originally normal values in blood) were added in blood to prepare blood sample with required 100 mg dL^−1^ BUN and 20 mg dL^−1^ Crea under stirring without destroying the structure of blood.

**Full Methods** and any associated references are available in the online version of the paper.
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![Assignments of five-Gaussian components of OH stretching Raman bands and Raman spectra of OH stretching of various pure water and saline solutions.\
(a), In deconvolution the five-Gaussian components with the center wavenumbers at 3018, 3223, 3393, 3506 and 3624 cm^−1^ were adopted for all samples. The three components on the low frequency side are assigned to hydrogen-bonded water, while the remaining two high frequency side components are assigned to non-hydrogen-bonded water. The full width at half maximum (FWHM) of the individual component in the five-Gaussian fit was equal for all samples. These values are 234, 201, 176, 154 and 112 cm^−1^ for bands at 3018, 3223, 3393, 3506 and 3624 cm^−1^, respectively. Red capital letter D and blue capital letter A are noted as donor and acceptor of proton, respectively. (b), DI water for reference. (c), AuNT water under illumination with fluorescent lamps in preparation. (d), sAuNT water under illumination with green LED in preparation. (e), DI water with 0.9 wt% NaCl. (f), AuNT water with 0.9 wt% NaCl. (g), sAuNT water with 0.9 wt% NaCl.](srep04425-f1){#f1}

![Voltammetric data at a scan rate of 0.1 V s^−1^ recorded in different water-based saline solutions at a 3 mm diameter planar Pt electrode for different systems.\
(a), 30 mM K~3~Fe(CN)~6~ for one electron participating in the reaction. (b), 1 mM HQ for two electrons participating in the reaction. Red, blue and green lines represent experiments performed in saline solutions based on DI water, AuNT water and sAuNT water, respectively.](srep04425-f2){#f2}

![Anti-oxidative activity of AuNT water (blue block) and sAuNT water (green block) compared to DI water (red block) on reduction of lipopolysaccharide (LPS)-induced NO release with dose of LPS.\
Determination of nitric oxide (NO) production was made following the method shown in the literature (See SD). DI water, AuNT water and sAuNT water were used for medium preparation. \*, p \< 0.05; \*\*, p \< 0.01; \*\*\*, p \< 0.001.](srep04425-f3){#f3}

![Equipment in HD experiments and removal efficiencies of BUN and Crea by using saline solutions based on different water.\
(a), Equipment in HD experiments. 1: hollow fiber dialyzer; 2: tubing pump; 3: magnetic stirrer; 4: treated blood input; 5: treated blood output; 6: dialysate input; 7: dialysate output. Both the flow rates of blood and dialysate were kept at 20 mL min^−1^ by variable-speed tubing pump. The 250 mL sample of blood was stirred at 200 rpm in the whole experiment to homogenize the concentration of sample. (b), Removal efficiencies of BUN by using different saline solutions. Treatment times for removals of 70% BUN (initially ca. 100 mg dL^−1^) are ca. 30 and 16 min by using saline solution (DI) and using saline solution (sAuNT), respectively. (c), Removal efficiencies of Crea by using different saline solutions. Treatment times for removals of 70% Crea (initially ca. 20 mg dL^−1^) are ca. 29 and 12 min by using saline solution (DI) and using saline solution (sAuNT), respectively.](srep04425-f4){#f4}
